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It is well established that the gene products of the major histocompatibility complex 
(MHC) 1 are important in allowing effective collaborative interactions between T  and 
B cells in humoral immune responses. Results from several experimental systems have 
demonstrated that T  cells are restricted to collaborating with B cells or macrophages 
derived from inbred murine strains that share genes within the I region of the MHC 
(1-2). Subsequent studies using bone marrow radiation chimeras have demonstrated 
that it is not the MHC identity between collaborating T  cells and B cells per se that 
is crucial, but rather the ability of T  cells to recognize antigen in the context of the 
MHC gene products of B cells or macrophages  (3-7). These studies implied that T 
cells that are exported to the periphery have been selected to collaborate with B cells 
or  macrophages  of the  thymus  MHC  type.  However, several  recent  experimental 
results provide evidence that each T  cell population is composed of a mixture of self- 
and  allo-MHC-restricted  immunocompetent  T  cells  (8-13)  and  that  the  MHC 
restriction of T  cells is a consequence of antigen priming (3,  14). If antigen selection 
does play a role in establishing a self-MHC-restricted T  cell population, this process 
may be reflected in the immune B cell population. Previous studies have demonstrated 
that  nonimmune  (primary)  B  cells and  immune  (secondary) B cells have different 
requirements for MHC  recognition by antigen-specific collaborating T  cells  (8-10, 
15).  Primary B  cells are able  to interact with  MHC  nonidentical T  cells, whereas 
secondary B lymphocytes require some form of MHC recognition by collaborating T 
ceils.  Thus, antigen-driven events appear to influence the MHC  collaborative phe- 
notype of B cell populations. In this report, experiments were conducted to determine 
if the acquisition of the observed MHC collaborative phenotype of secondary B cells 
is dependent upon  the presence and participation of T  cells during immunization. 
The B cell populations in congenitally athymic and conventional thymic mice were 
analyzed after immunization with the predominantly T-dependent antigen 2,4-dini- 
trophenylhemocyanin  (DNP-Hy)  and  the  predominantly  T-independent  antigen 
DNP-Ficoll. Results of these studies demonstrate that the characteristic MHC collab- 
orative phenotype of secondary B  cells is only acquired after T-dependent antigen 
immunization in the presence ofT cells. This is despite the fact that T-dependent and 
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T-independent  stimulation of athymic nude mice induces an absolute increase in the 
number  of antigen-specific  B  cells  and,  as  will  be  shown  in  this  and  subsequent 
reports,  that  these  B  cells  acquire  certain  functional  characteristics  of secondary B 
cells. Thus, T  cells appear to play an essential role in determining the MHC preference 
of secondary B  cells.  The implications  of these findings with regard to the antigen- 
driven acquisition of MHC  preferences in collaborating T  and B cell populations are 
discussed. 
Materials  and Methods 
Antigens and Immunoadsorbants.  Limulus  polyphemus hemocyanin  (Hy)  was  purchased  from 
Worthington Biochemical Corp., Freehold, N. J. Bovine serum albumin (BSA) was purchased 
from  Sigma  Chemical  Co.,  St.  Louis,  Mo.  2,4-dinitrophenylated-Hy,  10-20  mol  DNP  per 
100,000 mol wt Hy (DNP10-20-Hy), fluorescein-Hy (FI10-Hy), FIw-BSA, and DNPlo-BSA, were 
prepared as described elsewhere,  and the coupling ratios were determined by methods described 
for other  protein  antigens  (17,  18). Aminoethylcarboxymethyl 70  Ficoll  (aecm-Ficoll)  was 
obtained from Biosearch, San Rafael, Calif., and was dinitrophenylated by standard methods 
(17). 
Animals and Immunizations.  6-8-wk-old male BALB/c mice were obtained  from Carworth 
Farms, Wilmington, Mass. 6-8-wk-old A/J mice were purchased from The Jackson Laboratory, 
Bar Harbor, Maine.  BALB/c nu/nu mice were bred at  Northwestern University's Center for 
Experimental Animal Care, or purchased from ARS/Sprague-Dawley, Madison, Wis. Mice to 
be used as Hy-immunized recipients received two intraperitoneal injections of 0.1 mg Hy each; 
the first in complete Freund's adjuvant (CFA) 8 wk before use, the second in saline 4 wk after 
the first  injection.  BALB/c and  BALB/c nu/nu B cell  donors were immunized with 0.1  mg 
sterile  DNP-Hy or DNP-Ficoll in CFA I-8 wk before use. 
To verify that the serum antibody response of BALB/c nu/nu mice to T-dependent and T- 
independent  antigens was consistent with previous reports  (19), sera of immunized BALB/c 
and BALB/c nu/nu mice were assayed for DNP-specific antibodies 9 and 21  d after immuni- 
zation, using the solid phase radioimmunoassay (15,  16,  20)  with  rabbit  anti-mouse F(ab')2 
antisera as a detecting reagent. Conventional BALB/c mice produced appreciable amounts of 
DNP-specific antibody when  immunized  with  the  T-dependent  antigen  DNP-Hy, whereas 
BALB/c nu/nu mice  produced  no  detectable  levels  of DNP-specifie  antibody  under  these 
conditions.  Both BALB/c and BALB/c nu/nu mice produced appreciable amounts of DNP- 
specific antibody after DNP-Ficoll immunization. 
Cell Transfers and Fragment Cultures.  Monoclonal antibody responses were obtained in vitro 
using  the  splenic  fragment  culture  assay,  as  described  by  Klinman  (17,  21).  Detection  of 
antibody in culture fuids, and determination of heavy chain isotypes was accomplished using 
a solid phase radioimmunoassay, which was described previously (15, 16, 20). 
Antisera.  Rabbit  anti-mouse  IgG1  antiserum  was  purchased  from  Bionetics  Laboratory 
Products, Litton Bionetics Inc., Kensington, Md., and purified by adsorption on DNP-binding 
hybridoma antibodies of the IgA, IgG~,, and IgM heavy chain isotypes,  the kind gift of Dr. 
Judy Teale, Scripps Clinic and Research Foundation. Rabbit anti-mouse F(ab')2 was prepared 
in this laboratory as described previously (17).  Rabbit anti-mouse IgM was prepared in this 
laboratory.  Briefly,  serum was obtained  from New Zealand White rabbits  immunized with 
mouse IgM, isolated by gel filtration of a 42% ammonium sulfate precipitate of mouse serum 
on  Sepharose  6B.  A  42%  ammonium  sulfate  fraction  of this  rabbit  serum  was  adsorbed 
exhaustively on  a  column of mouse  IgG coupled  to CNBr-activated  Sepharose  4B  (Sigma 
Chemical Co.) and nonadsorbed fractions collected. The specificity of the antibodies prepared 
in this fashion were tested on the DNP-binding hybridoma antibodies of the IgA, IgM, IgGa, 
and IgGz~ heavy chain isotopes. 
Results 
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Fro.  1.  The  frequency  of DNP-specific  antibody-producing  foci  per  10  s  donor  cells analyzed  is 
plotted against the number of weeks the donor mice were immunized before cell transfer. BALB/c 
and  BALB/c  nude  mice  were  immunized  at  various  times  before  use.  Donor  spleen  cells  were 
transferred  to  Hy-primed  irradiated  (1,300  rad)  BALB/c  recipients  (ff], II) and in control  experi- 
ments  to unimmunized  irradiated  (1,300  rad)  recipients  (A,  A). Open characters  ~], A)  represent 
the total frequency of DNP-specific  donor B cell responses determined using anti-F(ab')2 antibodies 
as a detecting reagent  in a radioimmunoassay;  closed characters (gg, A)  represent the frequency of 
IgG]  antibody-producing  loci  as  determined  using  anti--/  antibodies  as  detecting  reagents  in  a 
radioimmunoassay.  Each point represents the result of an analysis of between 50 X  l0 s and 60 X  106 
donor spleen cells, where between 2 ×  106 and 5 ×  l0  s donor cells were transferred to each irradiated 
recipient• 
to determine  the effect  of immunization  with  DNP-Hy  on  the  frequency  of DNP- 
specific B ceils in BALB/c and BALB/c nude mice that were able to collaborate with 
a syngeneic carrier-primed T cell population. The analysis was conducted to establish 
a base line to which the response of the same B cell population in collaboration with 
allogeneic  carrier-primed  T  cells  could  be  compared.  1-5  wk  after  immunization, 
donor  spleen  cells  were  transferred  to  Hy-immunized  irradiated  recipient  mice, 
recipient spleens were removed, and fragment cultures were prepared and stimulated 
with  DNP-Hy  in vitro.  As shown in Fig.  1, after immunization with  DNP-Hy,  the 
frequency of DNP-specific  B cells in BALB/c mice increased twofold during the first 
week  and remained  at approximately  that frequency for the 6-wk period observed. 
The vast majority of antibody-producing clones of B cells  derived  from  immunized 
BALB/c  mice  synthesized  antibody  of  the  IgG1  heavy  chain  isotype  in  vitro  as 
compared with the antibody-producing clones of nonimmune B cells, of which only 
~50% secreted IgG1  antibody in vitro. Thus, DNP-Hy immunization of BALB/c mice 
induced an increase in the frequency of DNP-specific B cells and a preference of IgG1 
antibody expression upon secondary stimulation in vitro. 
As  shown  in  Fig.  1,  after  DNP-Hy  immunization  of  BALB/c  nude  mice,  the 
frequency of DNP-specific  B cells decreased during the first week, then by 8 wk after 
immunization  increased  to  a  level  approximately  twofold  higher  than  that  of the 
nonimmune nude. The increase in the frequency of DNP-specific  B cells from nude 
mice observed 8 wk after immunization, indicated that the nude DNP-specific  B cell NANCY A. SPECK AND SUSAN K. PIERCE  577 
population  was  induced  to  expand  following immunization  with  a  T-dependent 
antigen.  As shown in Fig.  1,  ~40% of the B cells from nonimmune BALB/c nudes 
yielded clones that  synthesized IgG1  antibody upon secondary stimulation  in vitro, 
and this proportion increased to ~70% after immunization in vivo. Thus, immuni- 
zation with the T-dependent antigen, DNP-Hy, in the absence of mature functional 
T  cells, resulted in an increase in the absolute number of DNP-specific B cells, and a 
shift to predominantly IgG1 antibody synthesis in vitro. 
Both the observed decrease and increase in B cell frequency in the nude mouse and 
the increase in B cell frequency in BALB/c mice were antigen specific, because the 
frequency of Fl-specific B  cells  in  nude  mice  did  not  change  following DNP-Hy 
immunization (data not shown). The observation of an increase in the frequency of 
BALB/c B cell antibody responses from 1.5 to -3.0 was dependent on the appropriate 
carrier-priming of the recipient mice. When B cells from 5-wk-immune BALB/c mice 
were transferred to nonimmune recipients, the frequency of B cell responses was 0.35 
(Fig. 1). Previously published results (16) have demonstrated that whereas nonimmune 
B cell responses are absolutely dependent on the carrier priming of recipient mice, 
10% of secondary B cells can be stimulated in the absence of carrier primed T  cells. 
Removal ofT cells from the BALB/c or BALB/c nude donor cell population by anti- 
Thy-1 and complement treatment did not effect the results shown. The increase in 
the number of antigen-specific B cells in nude mice occurred in the absence of any 
measurable serum antibody response as detailed in the Materials and Methods section. 
Thus, immunization  in the absence of T  cells appeared to induce an expansion of 
the antigen-specific nude B cell population without  concomitant differentiation in 
vivo of antibody secreting ceils. 
The MHC Collaborative Phenotype of BALB/c and BALB/c Nude B Cells after Immunization 
with DNP-Hy.  A  similar  analysis  was  conducted  to  determine the  frequency and 
heavy chain isotype of the response of DNP-specific B cells from DNP-Hy immunized 
BALB/c and  BALB/c nude  mice  (H-2  d)  that  were  able  to  collaborate with  Hy- 
primed, irradiated allogeneic A/J (H-2  a) recipient T cells.  1-6 wk after immunization, 
spleen cells from nonimmune mice, and DNP-Hy immunized mice, were transferred 
to irradiated Hy-primed recipient A/J mice. Fragment cultures were prepared from 
recipient spleens and stimulated in vitro with DNP-Hy. Culture fluids were analyzed 
for the presence of  DNP-specific antibody, and the heavy chain isotype of  the antibody 
was  determined.  The results  of this  analysis  are  summarized  in  Fig.  2.  As  shown, 
-80% of nonimmune BALB/c B cells were stimulated in collaboration with MHC- 
dissimilar carrier-primed T  cells and, as previously reported (15), these B cells yielded 
IgM or IgM +  IgA antibody-producing clones.  1 wk after immunization there was a 
drop in the frequency of B cells able to be stimulated in vitro in collaboration with 
carrier-primed allogeneic T  cells, followed during the next 3 wk by a linear increase 
in the number of  B cells stimulated under these conditions. By 6 wk after immunization 
-35% of BALB/c B cells were able to collaborate with allogeneic carrier-primed T 
cells. As observed in transfers of BALB/c B cells to nonimmune syngeneic recipients, 
the majority of secondary B cell responses (80%) and all primary B cell responses were 
dependent on the carrier priming of the recipient mice  (Fig.  2).  The vast majority 
(>90%) of these B cells yielded IgG1 antibody-producing clones. Further, there was no 
recovery of an  IgM-secreting  population  in  the  immunized  BALB/c.  Previously 
published results (8, 9) from this laboratory demonstrated that the IgGa responses of 578  COLLABORATIVE  PHENOTYPE  OF  SECONDARY  B  CELLS 
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Fro.  2.  The frequency of DNP-specific antibody-producing foci per  106 donor cells analyzed is 
plotted against the number of weeks the donor mice were immunized before cell transfer. BALB/c 
(H-26)  and BALB/c nude (H-2  d) donor cells were transferred at various times after immunization 
with DNP-Hy to Hy-primed A/J  (H-2  a)  irradiated  (1,300  rad)  recipients ([3, m), and in control 
experiments to unimmunized irradiated  recipients (A, A). Open characters  ([], •)  represent the 
total  frequency of DNP-specific B  cell  responses determined  using anti-F(ab')2  antibodies  as  a 
detecting reagent in a radioimmunoassay; closed characters (m, A) represent the frequency of DNP- 
specific IgGx antibody responses. Foci not producing IgG1 antibody were demonstrated to synthesize 
IgM or IgM +  IgA antibody. Each point represents an analysis of between 50 ×  106 and 60 X  l0  n 
donor cells, where each carrier-primed irradiated recipient received between 2 x  10  s and 6  ×  l0  s 
donor cells. 
secondary B cells in collaboration with MHC dissimilar T  cell populations were, in 
fact, dependent on the interaction with "syngeneic-like" T  cells within an allogeneic 
T  cell population. This T  cell population has been previously referred to as isologous 
T  ceils. In contrast, the IgM primary B cell responses did not require syngeneic-like 
interactions, but may have interacted with T  ceils that did not recognize antigen in 
the context of their MHC gene products (8, 9). This point will be elaborated upon in 
the discussion section. The results summarized in Fig. 2 demonstrated that immuni- 
zation with  a  T-dependent antigen  in  the  presence of T  cells resulted  in  a  B  cell 
population  that  had  the potential to interact with  isologous T  cells.  Furthermore, 
there appeared to be very few, if any, primary B-like cells in the immune BALB/c 
mouse that  collaborated with T  ceils from MHC-dissimilar  murine strains  in  IgM 
antibody responses. 
In  contrast,  as  shown  in  Fig.  2,  B  cells from athymic mice did  not  acquire  the 
ability to collaborate with  isologous T  cells to synthesize IgG1  antibody following 
DNP-Hy  immunization.  Approximately  80%  of  nonimmune  nude  B  cells  were 
stimulated in collaboration with allogeneic T  cells, and these B cells yielded IgM- or 
IgM +  IgA-secreting clones.  1 wk after immunization, the number of donor B cells 
available for collaboration with allogeneic carrier-primed T  ceils decreased, followed 
by an increase to a frequency of 0.5. However, the B cells from DNP-Hy immunized 
nude mice synthesized only IgM or IgA antibody, and  by this criterion resembled 
primary B cells. Thus, immunization with the T-dependent antigen, DNP-Hy, in the NANCY  A.  SPECK  AND  SUSAN  K.  PIERCE  579 
absence of mature functional T  cells, was not sufficient to induce a B cell population 
with the potential to interact with isologous T cells. However, DNP-Hy immunization 
did affect the collaborative potential of the nude B cells, in that <30% of B cells from 
DNP-Hy  immunized  nude  mice  were  able  to  collaborate  with  allogeneic  T  cell 
populations as opposed to 80% of nonimmune nude B cells. 
The MHC Collaborative Phenotype of BALB/c and BALB/c Nude B Cells after Immunization 
with DNP-Ficoll.  The frequencies and heavy chain isotypes expressed by DNP-specific 
B cells from DNP-Fieoll immunized BALB/c and  BALB/c nude mice were deter- 
mined in fragment cultures in vitro. Spleen cells from DNP-Ficoll-immunized donors 
were  transferred  to  Hy-primed syngeneic and  allogeneic recipients,  and  fragment 
cultures were stimulated with DNP-Hy in vitro. Thus, the effect of T-independent 
immunization  in vivo was  measured in a  T-dependent assay in  vitro. As shown in 
Table I, the DNP-specific B cell frequency measured in collaboration with syngeneic 
Hy-primed  T  cell  populations  increased  only  slightly  in  DNP-Ficoll-immunized 
BALB/c mice, and there was no increase in the percentage of cells which synthesized 
IgGa  antibody.  In  contrast,  the  frequency of DNP-specific B  cells  in  DNP-Ficoll- 
immunized nude mice increased fivefold, and >90% of the resultant clones synthesized 
IgG1 antibody. It appeared that the observed potential of antigen-specific nude B cell 
clones to expand following T-independent immunization was limited in the euythmic 
BALB/c mouse. This limitation was presumably due to the presence ofT cells. Thus, 
while antigen alone was sufficient to trigger the expansion of antigen-specific B cell 
clones and to induce a preference for the synthesis of IgG1 antibody, T  cells may have 
played an important regulatory role in limiting this expansion and differentiation. 
The  response  of B  cells  from  DNP-Ficoll-immunized  euythmic  BALB/c  and 
BALB/c nude mice in collaboration with allogeneic Hy-primed T  cells is shown in 
Table II. Approximately 60% of the  B  cells from DNP-Ficoll-immunized BALB/c 
mice were stimulated in allogeneic carrier-primed recipients as compared with syn- 
geneic recipients. This percentage was intermediate to those observed for nonimmune 
B  cells  (-80%)  and  secondary  B  cells  (~35%).  Upon  stimulation  in  allogeneic 
TABLE I 
Frequency of DNP-specific B Cell Responses in BALB/c and BALB/c Nude 
Mice after Immunization with DNP-FicoU 
Total num-  Number 
Donor im-  ber of cells  DNP-specific  Percent re- 
Donor cells*  munization:~  analyzed  foci per l0  s  sponse 
×  10-6  cells trans-  IgGl§ 
ferred 
BALB/c  --  96  1.60  60 
BALB/c  DNP-Ficoll  44  1.81  50 
BALB/c nude  --  96  0.90  38 
BALB/c nude  DNP-Ficoll  30  4.76  84 
* Between 2 ×  106 and 6 ×  106 donor spleen cells were transferred to each Hy- 
primed irradiated  (1,300 rad) recipient. 
:~ Donor mice were immunized with 0.1  mg DNP/Ficoll  in CFA intraperito- 
neally 4-6 wk before use. 
§ The percent of antibody producing clones synthesizing antibody of the IgG1 
heavy chain isotype is shown. These clones may also synthesize IgM antibody. 
Clones not synthesizing IgG~ antibody were demonstrated to synthesize IgM 
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TABLE II 
Response of T Independently Immunized DNP-specific BALB/c (H-2 a) and 
BALB/c Nude (H-2 d) B Cells in Hy-primed Allogene# (H-2  a) Recipients 
Donor cells* 
Immuniza-  Number do-  Number loci  Percent re- 
tion of do-  nor cells ana-  per 106 cells  sponse 
nors:~  lyzed X 10  -6  transferred  IgGl§ 
BALB/c  --  30  1.25  <3 
BALB/c  DNP-Ficoll  42  0.74  16 
BALB/c nude  --  48  0.82  <2 
BALB/c nude  DNP-Fieoll  36  0.28  < 1 
* Between 2 ×  10  6 and 8 ×  10  6 cells were transferred to each recipient. 
:]: Donor mice were immunized 4-6 wk before cell  transfer with 0.1  mg DNP- 
Ficoll  in CFA intraperitoneally. 
§ The percent of clones that synthesized IgGl antibody is shown. When no 
IgGl-producing clones were detected the percent is shown as <1 per the total 
number of clones tested. Clones not synthesizing IgGa antibody synthesized 
either IgM or IgA antibody. 
recipients in vitro, >84% of the responding B cells synthesized IgM or IgM  +  IgA 
antibody, whereas  16% synthesized IgG1 antibody. Thus, T-independent immuniza- 
tion of BALB/c mice in vivo induced only a very small population of B cells able to 
collaborate with isologous T  cells. 
The response of B cells from DNP-Ficoll immunized nudes in collaboration with 
allogeneic carrier-primed T  cells is shown in Table II. A small proportion (~ 10%) of 
B cells from DNP-Ficoll-immunized nude mice were able to collaborate with alloge- 
neic as compared with syngeneic carrier-primed T  cells, and these yielded exclusively 
IgM  or  IgM  +  IgA  antibody  responses.  Thus,  T-independent  stimulation  in  the 
absence of T  cells was not adequate to induce a B cell population with the potential 
to  interact with  isologous T  cells in  IgG1  antibody responses.  Furthermore, DNP- 
Ficoll  immunization  does  not  eliminate  the  IgM  antibody  response  in  either 
BALB/c or BALB/c nude mice. The small portion of B cells in DNP-Ficoll-immunized 
BALB/c mice that  acquired the collaborative phenotype of secondary B  cells may 
have been induced to do so by T  cells present during immunization which were not 
involved in the antigen-triggering process itself. Although DNP-Ficoll immunization 
was not sufficient to induce a  B cell population with the potential to interact with 
isologous T  cells in  nude mice, it affected the collaborative potential of the  B  cell 
population. This was evidenced by the observation that the number of B cells from 
DNP-Ficoll immunized  nudes able  to collaborate with allogeneic T  cells  (0.25/106 
cells)  was less than the number of nonimmune BALB/c nude B cells that have this 
potential (0.82/106 cells). 
Discussion 
Previously published studies have shown that B cells in nonimmune and immune 
mice manifest different MHC collaborative phenotypes with antigen-specific T  cells 
(8, 9,  15,  16).  These studies  indicated that  the  restriction imposed on T  cell-B cell 
collaborative interactions in humoral immune responses may be, in part, a result of 
antigen-driven  events.  The  studies  presented  in  this  report  were  carried  out  to 
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phenotype of secondary B cells. To do this, B  cells were analyzed in BALB/c and 
BALB/c nude mice after immunization with the predominantly T-dependent antigen 
DNP-Hy and  predominantly T-independent antigen  DNP-FieolI.  While  the  nude 
mouse is not absolutely T  deficient (22, 23), it is felt that, as a first approximation, it 
is  adequate for studying the effects of antigen stimulation  on  a  B  cell population 
when  the  mature  functional T  cell population  is  greatly depleted.  Results  of the 
studies presented here demonstrate that the induction or selection of B cells with the 
MHC  collaborative phenotype of secondary B  cells,  in  particular  the potential  to 
interact with isologous T  cells, is dependent on the presence and participation of T 
cells during immunization in vivo. 
It is crucial to the interpretation of these studies that the observed MHC-restriction 
phenotype  is  not  the  result  of nonspecific  positive  or  negative  allogeneic  effects. 
Previous attempts to induce responses in the fragment culture system via allogeneic 
effects have invariably failed. All stimulatory interactions require that both the T  and 
B cells recognize the stimulating antigen, and that both determinants be on the same 
antigen  molecule. In  addition, the extensive irradiation  is  likely to eliminate most 
allogeneic stimulatory interactions (8). 
Although  T  cells  are  required  for  the  acquisition  of the  MHC  collaborative 
phenotype  of secondary  B  cells,  antigen  alone  in  the  absence  of T  cells  has  a 
demonstrable  effect on  the  antigen-specific B  cell population.  Immunization  with 
DNP conjugated to either Hy or Ficoll induces an absolute increase in the number of 
DNP-specific precursors in nude mice, and an increased proportion of these precursors 
are stimulated in vitro to synthesize antibody of the IgGi isotype. However, whereas 
the nude B cell population is induced to expand and differentiate by T-independent 
and T-dependent antigens, it does not acquire the secondary B cells' MHC collabo- 
rative phenotype. 
We have defined the  MHC  collaborative phenotype of secondary B  cells as the 
ability to collaborate with syngeneic like T cells within an MHC-dissimilar individual 
(8). Evidence has been presented by this laboratory and others (8,  13) that the T  cell 
repertoire is composed of a  mixture of both self- and alIo-MHC restricted immuno- 
competent helper T  cells. Secondary B cells require some form of MHC recognition 
by collaborating T cells, and in its absence fail to be stimulated. When offered carrier- 
primed T  cells from MHC  dissimilar murine strains,  secondary B cells are able to 
acquire syngeneic-like T  cell help within that population (8,  16). These interactions, 
referred to as isologous interactions, yield IgGa antibody responses. In the absence of 
the  potential  for isologous interactions secondary B  cells  fail  to  be stimulated.  In 
contrast, primary B cells manifest a  less stringent requisite for MHC recognition by 
collaborating T  cells  and  under  conditions  in  which  secondary  B  cells  fail  to  be 
stimulated, primary B cells are stimulated to synthesize IgM antibody (8,  15,  16). 
In this study it is demonstrated that ~30% of B cells immunized in the presence of 
T  cells with a T-dependent antigen are able to be stimulated by isologous T  cells in 
vitro  upon  transfer  to  an  allogeneic  individual.  In  contrast,  90%  of the  B  cells 
immunized in the absence of T  cells by T-independent antigens are not able to be 
stimulated by any T  cells within an allogeneic population. Thus, these B cells, unlike 
primary B cells, require MHC recognition by collaborating T  cells, yet are unable to 
obtain this help in an allogeneic population. Consequently, there appear to be two 
steps involved in the maturation of secondary B cells.  The first step is T  independent 582  COLLABORATIVE PHENOTYPE OF SECONDARY B CELLS 
and results in a B cell population which requires MHC syngeneic T  cell recognition 
and is unable to be stimulated in collaboration with allogeneic T  cell populations. 
The second step, which is apparently T  cell dependent, results in a B cell population 
that requires syngeneic MHC recognition by collaborating T cells and can obtain this 
through isologous T  cells in aUogeneic populations. While the biology of the B cells 
dictating this behavior in allogeneic recipients remains to be elucidated, the differ- 
ential behavior of B cells which have been immunized in the presence or absence of 
T  cells has allowed the dissection of the process of memory B cell differentiation into 
a T-independent and T-dependent phase. 
Although we have discussed the process of memory generation in terms of a single 
B cell population, there is nothing that argues against the alternative, which is that 
we are viewing two separate B  cell populations that may manifest different T  cell 
dependencies in  their maturation.  One B cell population may be T  independently 
stimulated,  resulting  in  a  population  unable  to  obtain  T  cell  help  in  allogeneic 
recipients in  vitro. A  second B  cell population  may be strictly T  dependent  in  its 
stimulation and result in a B cell population that can obtain T  cell help in allogeneic 
recipients in vitro. 
It  will  be  important  in  future  experiments  to  determine  the  gene  products  of 
secondary B cells that dictate their need for syngeneic or isologous T cell collaborative 
interactions. Independent evidence from several laboratories suggests that B cells may 
exist as defined subsets that require interaction with a  reciprocal T  cell subset. This 
has been best defined by Katz and co-workers (3, 24)  for the MHC molecules in the 
theory of adaptive differentiation and more recently by Gorczynski et al. (25), but has 
also been suggested for immunoglobulin idiotype (26-28) or isotype (29). Currently, 
the existing data do not allow us to discriminate between these alternatives. 
Several studies  to date have investigated the role of T  cells in  the induction of 
secondary B cells. Although conflicting evidence exists (30, 31), in certain experimental 
systems T-dependent immunization of athymic mice has been demonstrated to result 
in an increase in the magnitude and rate of the antibody response (32-34), a shift in 
the secreted heavy chain isotype to IgG (32, 33), and an increase in the number of 
antigen-binding cells (34, 35), although these antigen-binding cells do not appear to 
bear IgG-cell surface receptors  (35).  Recent studies  by Herzenberg et  al.  (36)  and 
Black et al. (37) have demonstrated that late stages of  memory development, correlated 
with the loss of IgD cell surface receptors, and involving the affinity maturation of 
immune responses, manifest a  T  cell dependence. It is possible that the observation 
that  secondary B  cells have more stringent  requirements for MHC  recognition by 
collaborating T  cells may be correlated with the cell surface isotype of the B cells' 
receptor and  the  cells'  affinity requirements  for stimulation  when  expressing  that 
receptor.  In  summary,  evidence  presented  in  this  report  supports  the  idea  that 
immunologic memory in the B cell population is acquired in more than a single step, 
having different T  cell requirements. 
In addition to the effect of T  cells on the MHC collaborative phenotype of B cells, 
these studies demonstrate that two potential effects of antigen exposure on the B cell 
population may be modulated or regulated by the presence of T  cells.  These include 
the preference for the isotope expressed by B cells and the maintenance of a primary 
B cell population.  After immunization with a  T-dependent antigen in vivo, in the 
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preference for IgGx antibody synthesis in vitro as compared with nonimmune B cells. 
T  independently immunized  nude  B  cells  manifest  this  same  preference for IgGa 
antibody expression in vitro. In contrast, DNP-Ficoll immunization of B cells in the 
presence of T  cells in the BALB/c mouse does not induce an expansion of the DNP- 
specific  B  cell  population,  and  the  DNP-Ficoll  immunized  population  does  not 
manifest  a  preference for IgG1  antibody synthesis  in  vitro  as  compared  with  the 
nonimmune B cell population. One interpretation of these results is that T cells in the 
BALB/c  mouse,  although  not  directly involved  in  the  antigen-stimulation  event, 
influence the potential expansion and isotype expression of B cells. Several independ- 
ent lines of research suggest that T  lymphocytes play a regulatory role in influencing 
the heavy chain isotype expressed by B cells (33-40). Mongini and collaborators (40) 
have recently demonstrated  that  the heavy chain  isotype of antibody expressed in 
vivo to TNP-Ficoll was  influenced by the presence of T  cells during priming.  It is 
possible that these observed T  cell functions are related, and that T  cells that exert 
regulatory influences on primary antibody responses in vivo also determine the further 
expansion and differentiation of B cell clones. 
A  second  observation  concerns  the  role  of T  cells  in  permitting  expression  of 
primary-like B cells in an immune animal.  It appears that primary-like B cells not 
observed in euthymic BALB/c mice are present in T  dependently immunized nudes. 
These primary-like B cells are identified by their ability to secrete IgM antibody upon 
transfer to allogeneic recipients. One interpretation of this finding is that T  cells serve 
both to promote the generation of memory B  cells and  suppress  the expression of 
primary B cells that  arise from the generative pool. It has been previously demon- 
strated  (41)  that antibody-specific T  cells are generated after in vivo immunization 
that function to suppress primary but not secondary B cell responses. In the absence 
ofT cells in the nude mouse, T cell suppressor functions would not be generated, and 
consequently primary-like B cells would be allowed to persist in the repertoire. Thus, 
these findings present new evidence that  T  lymphocytes play an influential role in 
shaping the secondary B cell repertoire. 
In summary, the findings presented in this report demonstrate that T  cells play an 
essential role in the acquisition of the MHC collaborative phenotype of secondary B 
cells.  It was shown  that, although  immunization  in  the absence of T  cells has  the 
potential  to  induce  an  expansion  of antigen-specific precursors  and  an  increased 
preference for IgG1  antibody synthesis in  vitro, the acquisition of the secondary B 
cells' collaborative phenotype is dependent  on T  cell collaboration during antigen 
priming. Thus, as a population, the B cells' MHC-dependent collaborative potential 
is influenced by T  cells during antigen-driven events. 
Summary 
Previous studies have demonstrated that  the B cells in immune and nonimmune 
mice manifest different major histocompatibility complex (MI-IC) collaborative phe- 
notypes with antigen-specific T cells. Immune, or secondary B cells require syngeneic- 
like MHC recognition by collaborating T cells, and in its absence fail to be stimulated. 
Primary B cells manifest a  much less stringent requisite for MI-IC recognition by T 
cells, and under conditions in which secondary B cells fail to be stimulated, primary 
B cells are stimulated to secrete IgM antibody. 
Experiments were conducted to determine whether the acquisition of the secondary 584  COLLABORATIVE  PHENOTYPE  OF SECONDARY B CELLS 
B  cells'  MHC  collaborative  phenotype  was  dependent  on  the  presence  of T  cells 
during  in  vivo immunization.  B  cell  populations  from T  dependently  and  T  inde- 
pendently immunized conventional  BALB/c and athymic BALB/c nu/nu mice were 
compared  in  their  ability  to collaborate  with  atlogeneic  T  cells.  Although  antigen 
alone promotes the differentiation of several secondary B cell characteristics, including 
an  increase  in  the  frequency  of antigen-specific  B  cells  and  a  preference  for IgG1 
antibody synthesis in vitro, the acquisition of the secondary B cells' MHC collaborative 
phenotype  was  found  to  be  dependent  on  the  presence  of T  cells  during  in  vivo 
immunization. Thus, the restriction imposed on T cell-B cell-collaborative interactions 
in  secondary  humoral  immune  responses  appears  to  be  the  result  of T  dependent 
antigen-driven events. 
The authors gratefully acknowledge Dr. Norman Klinman and Dr. David Katz for critically 
reviewing this manuscript, the excellent technical assistance of Ms. Susan Krzyzewski, and Ms. 
Kathy Clissold  for her expert secretarial assistance in the preparation of this manuscript. 
Received  for publication 8 September 1981 and in revised  form 5 November 1981. 
References 
1.  Katz, D. H., T. Hamoaka, and B. Benacerraf.  1973. Cell interactions between histoincom- 
patible T and B lymphocytes. II. Failure of physiologic cooperative interactions between T 
and B lymphocytes from allogeneic donor strains in humoral response to hapten-protein 
conjugates.J. Exp. Med. 137:1405. 
2.  Katz, D.  H., and  B.  Benacerraf.  1976. Genetic control of lymphocyte interactions  and 
differentiation.  In  The  Role  of Products  of the  Histocompatibility  Gene  Complex  in 
Immune Responses.  D.  H.  Katz and  B.  Benacerraf, editors.  Academic Press,  Inc., New 
York, p. 355. 
3.  Katz, D. H., B. J. Skidmore, L. R. Katz, and G. A. Bogowitz. 1978. Adaptive differentiation 
of murine  lymphocytes. I.  Both T  and  B lymphocytes differentiating  in  F1 ~  parental 
chimeras manifest preferential cooperative activity for partner lymphocytes derived from 
the same parental type corresponding to the chimeric host.J. Exp. Med. 148-'727. 
4.  von Boehmer, H., L. Hudson, and J. Sprent.  1975. Collaboration of histocompatible T and 
B lymphocytes using cells from tetraparental bone marrow chimeras.J. Exp. Med. 142:989. 
5.  Kappler, J.  W.,  and  P.  Marrack.  1978.  The  role of H-2  linked  genes  in  helper  T-cell 
function. IV. Importance of T-cell genotype and host environment in/-region and Ir gene 
expression. J. Exp. Med. 148:1510. 
6.  Singer, A., K. S. Hathcock, and R. J. Hodes. 1981. Self recognition in allogeneic radiation 
bone marrow chimeras. A radiation-resistant  host element dictates the self specificity and 
immune response gene phenotype of T-helper cells.J. Exp. Med. 153:1286. 
7.  Schwartz, R. H., A. Yano, and W. E. Paul.  1978. Interaction between antigen-presenting 
cells and primed T  lymphocytes. Immunol. Rev. 40:153. 
8.  Pierce,  S. K., N. R. Klinman, P. H. Maurer, and C. F. Merryman. 1980. Role of the major 
histocompatibility gene products in regulating the antibody response to dinitrophenylated 
poly(L-Glu55,L-Ala3S,L-Phe~)n.J. Exp. Med. 152:336. 
9.  Speck, N. A., P. H. Maurer, and S. K. Pierce.  1981. The functional T cell repertoire specific 
for L-Glutamic AcidS°-L-Alanine3°-L-Tyrosine 1° (GAT). J. Immunol. 127:1772. 
10.  Wilson, D. B., K. F. Lindahl, D. H. Wilson, and J. Sprent.  1977. The generation of killer 
cells  to trinitrophenyl-modified allogeneic targets by lymphocyte populations negatively 
selected to strong alloantigens.J. Exp. Med. 146:361. 
11.  Dougherty, P. C., and J. R. Bennick.  1979. Vaccinia-specific cytotoxic T-cell responses  in NANCY  A.  SPECK AND SUSAN  K.  PIERCE  585 
the context of H-2 antigens not encountered in thymus may reflect aberrant recognition of 
a virus-H-2 complex.J. Exp. Med. 14~150. 
12.  Thomas, D. W., and E. M. Shevach. 1977. Nature of the antigenic complex recognized by 
T  lymphocytes: specific sensitization by antigens associated with allogeneic macrophages. 
Proc. Natl. Acad. Sci. U. S. A. 74:2104. 
13.  Stockinger, H., K. Pfizenmaier, C. Hardt, H. Rodt, M. Rollinghoff, and H. Wagner. 1980. 
H-2 restriction as a consequence of intentional priming: T cells of fully allogeneic chimeric 
mice  as  well  as  of normal  mice  respond  to  foreign  antigens  in  the  context  of H-2 
determinants not encountered on thymic epithelial cells. Proc. Natl. Acad. Sci. U. S. A. 77: 
7390. 
14.  Stockinger, H., R.  Bartlett, K. Pfizenmaier, M.  Rollinghoff, and  H. Wagner.  1981. H-2 
restriction as a  consequence of intentional  priming.  Frequency analysis of alloantigen- 
restricted, trinitrophenyl-specific cytotoxic T  lymphocyte precursors within thymocytes of 
normal mice.J. Exp. Med. 153:1629. 
15.  Pierce,  S.  K.,  and  N.  R.  Klinman.  t975.  The  allogeneic bisection  of carrier-specific 
enhancement of monoclonal B-cell responses.J. Exp. Med. 142:1165. 
16.  Pierce, S. K., and N. R. Kinman.  1976. Allogeneic carrier-specific enhancement of hapten- 
specific secondary B cell responses.J. Exp. Med.  144:1254. 
17.  Klinman, N. R.  1972. The mechanism of antigenic stimulation of primary and secondary 
precursor cells.J. Exp. Med. 136:241. 
18.  Press, J. L., and N. R. Klinman. 1974. Frequency of hapten-specific B cells in neonatal and 
adult mouse spleens. Eur. J. Immunol. 4:155. 
19.  Okumura, K., M. Julius, T. Tsu, L. Herzenberg and L. Herzenberg.  1976. Demonstration 
that IgG memory is carried by IgG bearing cells. Eur. J. Immunol. 6:467. 
20.  Pierce, S. K., and N. R. Klinman. 1981. Multiple B cell stimulation by individual antigen- 
specific T  lymphocytes. Eur.J. Immunol. 11:71. 
21.  Klinman, N. R., and J. L. Press.  1975. The B cell specificity repertoire: its relationship to 
definable subpopulations. Transpl. Rev. 24:4 I. 
22.  Loor,  F.,  H.  Amstutz, L.  B.  Hagg,  K.  S.  Mayor, and  G.  E.  Roelants.  1976. T-lineage 
lymphocytes in nude mice born from homozygous nu/nu parents. Eur. J. Immunol. 6:663 
23.  Raft, M. C.  1973.0-bearing lymphoeytes in nude mice. Nature (Lond.). 246:350. 
24.  Katz, D. H. 1979. Adaptive differentiation ofmurine lymphocytes III. T and B lymphocytes 
display reciprocal preferences for one another to develop optimal interacting partner cell 
sets. J. Immunol. 122:1937. 
25.  Gorczynski, R. M., M. J. Kennedy, S. MacRae, E.J. Steiler, and A. J. Cunningham.  1980. 
Restriction of antigen recognition in mouse B lymphocytes by genes mapping within the 
major histocompatability complex.J. Immunol. 124:590. 
26.  Hetzelberger, D., and K. Eichmann.  1978. Recognition of idiotypes in lymphocyte inter- 
actions. I. Idiotypic selectivity in the cooperation between T  and B  lymphocytes. Eur. J. 
Immunol. 8:846. 
27.  Woodland, R., and H. Cantor. 1978. Idiotype-specific  T  helper cells are required to induce 
idiotype-positive B memory cells to secrete antibody. Eur. J. Immunol. 8:600. 
28.  Bottomly, K., and D. E. Mosier. 1979. Mice whose B cells cannot produce the T15 idiotype 
also lack an antigen-specific helper T  cell required for T15 expression. J.  Exp.  Med.  150: 
1399. 
29.  Nutt, N., J. Haber, and H. H. Wortis. 1981. Influence of Igh-linked gene products on the 
generation ofT helper cells in the response to sheep erythrocytes.J. Exp. Med. 153:1225. 
30.  Braley-Mullin, H. 1977. Secondary IgG responses to type 3 pneumonoeoccal polysaccharide. 
III. T  cell requirement for development of B memory cells. Eur.J. Immunol. 7:775. 
31.  Mitchell, G. F., L. Lafleur, and K. Anderson. 1974. Evidence for readily induced tolerance 
to heterogeneous erythrocytes in nude mice. Scand.  J. Immunol. 3:39. 586  COLLABORATIVE PHENOTYPE  OF SECONDARY  B CELLS 
32.  Schrader, J.  1975. The  role of T  cells in  IgG production;  thymus-dependent  antigens 
induce B cell memory in the absence ofT cells. J. Immunol. 114:1665. 
33.  Diamantstein, T., and B. Blitsetin-Willinger. 1974. T  cell independent development of B 
memory cells. Eur.  J. Immunol. 4:830. 
34.  Roelants, G. E., and B. A. Askonas. 1972. Immunological B memory in thymus deprived 
mice. Nat. New Biol. 239:.63. 
35.  Davie, J.  M.,  and  W.  E.  Paul  1974. Role of T  lymphocytes in  the  humoral  immune 
response. I. Proliferation of B lymphocytes in thymus-deprived mice. J. Immunol. 113:1438. 
36.  Herzenberg, L. A., S. Black, T. Tokushisa, and L. A. Herzenberg. 1980. Memory B cells at 
successive stages of differentiation. Affinity maturation and the role of IgD receptors. J. 
Exp. Med. 151:1071. 
37.  Black, S., W.  van der Loo, M.  Loken, and  L. Herzenberg.  1978. Expression of IgD by 
murine lymphocytes. Loss of surface IgD indicates maturation of memory B cells. J. Exp. 
Med. 147:984. 
38.  Grumet,  F.  C.  1972. Genetic  control  of the  immune  response.  A  selective  defect  in 
immunologic (IgG) memory in nonresponder mice.J. Exp. IVied. 135:t 10. 
39.  Elson, C. O., J. A. Heck, and W. Strober. 1979. T-cell regulation of murine IgA synthesis. 
J. Exp. Med. 149:.632. 
40.  Mongini,  P.  K.,  K.  E.  Stein, and  W.  E.  Paul.  1981. T  cell regulation of IgG subclass 
antibody production in response to T-independent antigens.J. Exp. Med. 153:1. 
41.  Pierce, S. K., and N. R. Klinman. 1977. Antibody-specific immunoregulation.J. Exp. Med. 
146:509. 